The magnetization behavior of antiferromagnetically coupled ferromagnetic bilayers with a uniaxial anisotropy is investigated analytically, with the aid of numeric calculation. Field trajectories giving a constant angle to the magnetization of one of the two layers, leaving the other as a variable in the in-plane field two-dimensional co-ordinate, and their envelopes are used to understand the magnetization behavior, including switching. These tools provide a good means of optimizing magnetic parameters to maximize the operating field margins of the recently proposed toggle-mode MRAM devices, including the thermal relaxation. Control of the especially low exchange coupling required for performance optimization is identified as a key technical issue, as well as increase of the operating field strength.
Introduction
Magnetoresistance random access memory (MRAM) with exchange-biased magnetic tunneling junctions 1) is now under intensive investigation in the field of information technology because of its unique features of nonvolatility and rewritability with potentially high output. The key problems still to be solved are to increase the scalability and decrease the error rate. One of the measures to solve those problems is to increase the operating margin of the MRAM element. The application of a synthetic antiferromagnet (SAF) composed of two ferromagnetic layers antiferromagnetically coupled through a non-magnetic layer 2), 3) is now attracting interest for this purpose 4), 5) .Very recently Savtchenko, et al6) proposed a new method of writing an MRAM element composed of an SAF, in which the word and digit fields are applied at 45° with respect to the easy axis of the magnetic anisotropy of the element. However, only simulation assisted design was disclosed without giving any magnetic parameters optimized for the memory devices 6), 7), 8) . In this paper, first we describe the basic magnetization behavior including the switching of the magnetization configuration in the SAF, based on analytical methods with the aid of numeric calculations. Next we describe how to optimize the SAF parameters to maximize the operating field margin, taking into account the requirements and conditions for the element volume, memory life, write-disturb robustness, and available write-field limit, by using the results obtained by the analysis. Finally we give an example of the optimized results for some typical requirements for the MRAMs currently under development.
Magnetization behavior of the SAF
In this section we investigate briefly how the magnetization of each layer of the SAF behaves as a function of in-plane magnetic field applying the Stoner Wohlfarth model to each layer. The generalized SAF consists of two ferromagnetic layers 1 and 2 that have the thickness ti and t2, magnetizations M1 and M2, and uniaxial anisotropy constants Ku1 and Ku2, respectively. Therefore, this may well be called a synthetic ferrimagnet (SFRI). If we assume that the easy axes of the two layers are parallel to each other, then, the energy density per unit area W, can be expressed by (1) where 81 and 92 denote the magnetization angle of the layer 1 and the layer 2 with respect to the easy axes, H ., and
Hy the applied field in the easy and hard axis directions, respectively, and J the antiferromagnetic coupling strength between the two layers. Normalizing W by 2Ku1t1, we obtain (2) where, The results are:
The the envelopes of the contours are also shown. It is seen that the envelopes consist of two parts: astroid-like part and heart-shaped part, which we will call simply and 'heart' hereafter, respectively. In Fig. 4 (a), and (d), how the envelopes change with the change of the thickness ratio t is shown. The outermost envelope is the critical curve, outside of which the magnetizations in layer 1 and layer 2 become parallel to each other and the inner envelopes are the critical curves for switching, as is the case for t = 1 explained above. It may be interesting to see how the critical curves change as a function of hJ. switching takes place once the trajectory gets into the 'heart' and then comes back directly without making any further detour. For the case shown in Fig.4 (b) , some traces of deformed 'heart' in the shape of 'leaves' are seen, They work just like the 'heart' for causing It will be convenient to find the analytical formulas for the critical fields introduced above. They are available for h1, h3, and h, by simply solving the equations (4) along the hr-axis and D = 0, where D is defined as in (5):
Those results are useful in the parameter optimization as will be seen in the next section. Table 1 Stable magnetization configurations along the hi-axis for k = m = 1, t = 0.6, along each h ., segment partitioned by h1,h2, h3 , and /is. What has been made clear in the above discussion follows:
a. The toggle-mode switching occurs for the field trajectory which starts from the origin going around the 'astroid' (strictly speaking, going around the upper tip of the asteroid or crossing the upper right branch of the astroid) and coming back to the origin. b. The direct-mode switching occurs for the field trajectory which starts from the origin going into the 'heart" and coming back directly to the origin without making further detour. For comparison, the margin for the 'direct-mode' MRAM is also shown (hatched by vertical lines). Now we explain the procedure to find the parameters giving a maximum operating margin for the 'toggle-mode' MRAM for the case of m = k = t = 1. In the following, we assume the word and digit fields are equal: hw= hd.
Optimization method of the operating field margin for toggle mode MRAMs
of the parameters should be done taking into account the required memory life, the disturb effect in the half-select operation9) in conjunction with thermal relaxation and the available operating field strength.
Optimization of hJ with respect to lin,
First we find the relationship between hw and h, which gives a maximum operating margin without taking into account the half-select disturb effect. Because we set hw= hd, the tip of the coincident vector field hw + hd falls somewhere along the hi-axis. It is now understood from the discussion given in the previous section that, in order to obtain the toggle-mode switching, the tip of h + hd should fall between the cross-point of the tangent ƒÀ, and the hi-axis, which is close to h3, and hs as is seen in Fig.  6 (b), and (c (12) Then, Rmgn becomes maximum when hw + hd falls at the midpoint between h3 and hs. Therefore, the optimized hJ should satisfy the following relationship with h. and vice versa, denoting the optimized hw and hJ by kopt and kopt, respectively:
In Fig. 7 with applied field h,, = 2. "max" denotes the maximum; `min 1" and "min 2" denote the minima corresponding to the two different stable magnetization configurations of (6, and "sd 2" denote the saddle points which must be overcome for the configuration to switch from one to the other.
typical equipotential curves in the Or 02 plane; (a) without an applied field and (b) with some h,, applied. In these particular figures, the parameter hi is set equal to 3.5 and hw is set equal to 2. There are two different stable states; one denoted by 'min 1' and the other denoted by 'min 2'. Between the two minima, there exist two saddle points,'sd and vice versa. With the application of h,,, the the SAF parameters of the 'toggle-mode' MRAM element has been established in which the critical field curves at utilized, which maximizes the operating field margi taking into account the memory cell volume, the require memory life and robustness against half-select disturb; and the availability of the operating field strength. representative example of the optimized SAF parameter suggests that the control of especially low exchang coupling is one of the key technical issues to be addresse along with the increase of Hw for the development c toggle-MRAM elements for the 1st and 2nd generations.
